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Abstract:
Using MatLab and Simulink to create two simulations, one of a component based simulation with a minimal transfer function, and another with a single transfer function mathematically equated to cover all components, can a control system be stabilised to the same extent as the single transfer function simulation by manually adapting parameters in the original simulation to reach a desired tolerance.
The results show that it is possible to manually adapt the parameters of a PID control system and have them match the single transfer function simulation all within tolerance.
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[bookmark: _Toc92191897]Introduction
[bookmark: _Toc92191898]Control Systems
[bookmark: _Toc92118406][bookmark: _Toc92123938]At its basis, control systems are the measurement of an error signal and the adjustment of the signal to attain the desired outcome; “A system that can adjust the flow of energy from one source to a destination load or process in order to achieve some desired result.” [1].
[bookmark: _Toc92118407][bookmark: _Toc92123939]Examples of control systems include temperature control for a home, conveyor belts in a plant or the X axis control on a filament-based 3D printer; they are used in industry, domestic and military applications [2]. 
[bookmark: _Toc92118408][bookmark: _Toc92123940]Generally, control systems are classified via two broad categories, “Open-Loop” and “Closed-Loop”. A “Closed-Loop” control system uses feedback to give itself an understanding for the current affairs within the system. This value is compared to the input and subtracted to give an error signal. 
The error signal informs the system as to how much control action is still needed to meet the target input value [3].
[bookmark: _Toc92118409][bookmark: _Toc92123941]Compared with the prior (3.1.3), the “Open-Loop” control system does not use any feedback, and so is not aware of the current system state such as a light switch (the light doesn’t tell the switch anything). 
[bookmark: _Toc92191899]Control System Engineering
[bookmark: _Toc92118411][bookmark: _Toc92123943]Control systems engineering is using an understanding of how the control systems process can be managed by automation and then implementing such automation into operation. 
[bookmark: _Toc92118412][bookmark: _Toc92123944]In plant operations, a control systems engineer will measure changes in a production line through sensors, they will implement means to greater production by integrating human and technological components such as robots, vision systems and/or actuators [4].
[bookmark: _Toc92191900]Modelling of Control Systems
[bookmark: _Toc92123946]Control systems can be modelled mathematically to allow prediction on operational behaviours along with determining operating parameters for the controller.
[bookmark: _Toc92123947]The behaviours for control systems are mathematically described by a transfer function which is essentially a ratio of the output and input, a gain function. 
[bookmark: _Toc92123948]Transfer function = Output / Input
[bookmark: _Toc92123949]In an open-loop system, the transfer function is linear and is just Output/Input
[bookmark: _Toc92123950][image: Diagram, schematic

Description automatically generated][image: Table

Description automatically generated]However, in a closed-loop control system there is a comparator and feedback to consider. The comparator’s output (B) is = the input (θi) – feedback (A).
Additionally there is a need to consider the sign of the feedback signal as it may be negative, this is called the Feedback Factor (H).
(Figure 1 – Closed-Loop Transfer Function Derivation [1])
[bookmark: _Toc92191901]Closed-Loop Control systems
[bookmark: _Toc92123952]Closed-Loop control systems have several types:
[bookmark: _Toc92123953]Discrete Control, these are simple and inexpensive, consisting of two states being on or off these are very easy to maintain however will never settle on the set-point as it will constantly overshoot then undershoot. Due to the control element being switched repeatedly there will be increased wear and tear too. 
[bookmark: _Toc92123954]Three State Controller, these are also simple and cost effective, consisting of three states being Fully on, Fully off and Half on/off. These too will never settle on the set-point and will also gain extra wear and tear due to constantly switching. 
[bookmark: _Toc92123955]Proportional control (P), is easily implemented, using a proportion of the error signal to control the input. The controller will rapidly increase the output and will gradually slow down the increase as it tends towards the set-point. However, this control system will never reach the Set-point value as it continuously slows before reaching, this in-turn also means that the settling time is long. [5]
[bookmark: _Toc92123956]Proportional Integral Control (PI) has a narrow range of stability but has no steady state error. It only considers the current error and uses the moving average of the error to remove the steady state error.
[bookmark: _Toc92123957]Proportional Derivative Control (PD) uses the rate of change of the error to control the set-point overshoot, this controller is used to improve the control system’s stability without affecting the steady state error and the process value will never reach the set-point.
[bookmark: _Toc92123958]Proportional Integral Derivative Control (PID) uses the absolute error value, the integral of the error and the derivative of the error to control the process value.
This control uses the current, previous and possible future errors to stabilise the control system, eradicate the steady state error and allows the process value to reach the set-point. This system can be tuned to give a range of operational characteristics, it can settle quickly but can be difficult to tune. [6]
[bookmark: _Toc92191902]Simulation for PID
The angular positioning system attached to a CIWS turret has a transfer function of 1÷(2S2 + 2S + 1), MATLAB and Simulink can be used to design and simulate a control system capable of controlling this process. 
To be optimised, the control system should be able to bring the process under control within 2 seconds with an overshoot of less than 5%.


[bookmark: _Toc92191903]Simulation Setups
[bookmark: _Toc92191904]Simulink
The simulation in Simulink is a closed loop PID controller which is setup with a source coming in from the left (#1 in Figure 2), an addition block which takes a positive and negative input (#2 in Figure 2), a PID controller block (#3 in Figure 2) and the transfer function of “1÷(2S2 + 2S + 1)” (#4 in Figure 2).
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(Figure 2, Simulink Simulation of PID Control System)

The PID controller block (#3 in Figure 2) was tuned using the “PID Tuner App” which is built into Simulink, however using the tuner did put the parameters out of the tolerance allowed by the assignment. 
Using the sliders in the tuner app the controller was adjusted until it met the tolerance required. The parameters for the PID controller were P = 15.1, I = 5.4, D = 10 and N = 584 (As shown in Figure 3). 
[image: ] 
(Figure 3, PID controller block parameters in Simulink)
[image: ]The “Performance and Robustness” table (Figure 4 below) shows that the simulation with the new PID parameters is in tolerance with a settling time of 1.3 seconds and an overshoot of 3.32% both of which are under their maximum tolerance of 2 seconds and 5% respectively (3.5.2).

(Figure 4 – Performance and Robustness Table for the PID controller in Simulink)
In Figure 2 (4.1.2), #6 is the mathematical proof, single transfer function simulation of the above parts incorporated into just the transfer function. So in Figure 5 below, the oscilloscope graphs show the set-point, the comparator, PID Controller, the control system with transfer function and then the single transfer function control system.  
[image: ][image: ]
   	(Figure 5, Oscilloscope graphs for PID Controller in Simulink)

[bookmark: _Toc92191905]Results
[bookmark: _Toc92191906]Bode Diagram
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		(Figure 6 – Bode diagram for PID control system)

[bookmark: _Toc92191907]Pole-Zero plot of Closed Loop Transfer Function
[image: C:\Users\arhurley\Desktop\Instrumentation and Control Evidence\I and C - Graph_04 - Pole n Zeros.png]












		(Figure 7 – Pole-Zero plot of closed loop transfer function)

[bookmark: _Toc92191908]Nyquist Plot of forward Transfer Function
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		(Figure 8 – Nyquist plot of forward transfer function)
[bookmark: _Toc92191909]Pole-Zero plot of plant
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		(Figure 9 – Pole-Zero plot of plant)




[bookmark: _Toc92191910]Discussion
[bookmark: _Toc92191911]Bode diagram
The bode diagram is informative and shows a phase angle of 84 degrees, and a gain of infinity. 180 degrees of phase angle would be the favourable outcome, however this is incredibly hard to achieve and 84 is still positive so therefore signifying stability. 
If a Bode diagram shows the gain and phase margin as equal to zero or is negative then the stability of the control system will be inadequate [7].
[bookmark: _Toc92191912] Pole zero plot of closed loop transfer function
The pole-zero plot for the closed loop transfer function is showing the whole systems time response. The graph has all of the poles and zeros on the real axis with a majority of zero’s closer to 0 on the real axis, and the pole’s varying but tending further from 0 which is good as they need to be as close to the real axis and as far from 0 as possible for best time response [8]. 
[bookmark: _Toc92191913]Nyquist plot of forward Transfer Function
[bookmark: _GoBack]The nyquist plot shows the phase margin using the x axis intercept (red plus on figure 8) on the unit circle (a unit circle is a circle with a radius of 1 around point of 0,0), along with the nyquist plot intercept on the unit circle (Blue dot on figure 8). The phase margin is 84 degrees as shown in figure 8 along with the Simulink assessment stating that the closed loop is stable.
[bookmark: _Toc92191914]Pole-Zero plot of plant
This pole zero plot is for the plant. “If you flicked it, what would it do” – Prof Steven Mosey 2021. 
In these plots, the desired output would be a conjugate pair of poles in the negative access as this would provide a stable decaying wobbly response. The graph Figure 9 shows two conjugate poles of -0.5,0.5j and -0.5,-0.5j in the negative real axis proving that this control system would have a stable wobbly response (#2 Figure 10). 
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[bookmark: _Toc92191915]Conclusion
In this experiment it has been determined that the control system designed on simulink is validated by the mathematical method used of a single transfer funciton model. The system does have an overshoot of less than 5% at 3.32% and it also comes under control in sub 2 seconds, at 1.3s. 
In figure 5, both the graph for the Simulink model and the mathematical simulation are very similar if not indistinguishable, validating the model further as it is comparable to the single transfer function model with few to no differences.
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[bookmark: _Toc92191918]Code for Graphs and Transfer Function
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D3=Kp+ (NAKQ) + (b*N) +c,
Da= (N*Kp) +Ki+ (c*N) ;
DS=NvKL:

% Denominator coefficients of forvard transfer function
diea;
a2=(arN) +
3= (ben) <
asmcen;
as=0;

% create forward cramsfer function
fwd_teece ([N1 N2 N3], [d1 d2 d3 d¢ ds));

% Create Nyquist plot of forward transfer function

% This HAS to exclude the feedback as it will be a measure of

% System stabilicy - how much gain / phase shift needed to make instable
figure:

subplot(2,2,1)

nyquist (fwd_tf);

title(*Nyguist Plot of forward TF')

% Create Bode plot of foward transfer function
% - provides similar info to Nyquist plot
subplot(2,2,2)

margin (fwd_te);

tictle('Bode plot of forward TE')

% Create closed loop transfer function of whole system (inc. feedback)
system_te=cf([N1 N2 N3], (D D2 D3 D4 DS1):

% Plot Pole-Zero diagram of closed loop system
subplot(2,2,3)

pzplot (system_tf) ;

title(*Pole-Zero plot of closed loop TE')

% Create transfer function to represent only the plant
plant_tf = t£(1,(a b cl):

% Plot pole-zero diagram of plant tramsfer function
subplot(2,2,4);
pzplot (plant_cf)

EZGFEéEEEiE&EE

EEE

315366403
i

10

54000
151000

84
58551403
88238403
315366403
e

e

10441 double




image1.png




image2.png
0, = BG
B=6,—6,H

6o = (6; — o H)G
90 = Ggl - GGOH

6, GO GOH

GO;
1=——GH

1461 =%
=%
1+GH _ G6;
G ~ Ge,
1+GH 6
G 6,
G 6,
1+GH ™ 6,




